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from PAbstract—The clinical reliability of 3-D ultrasound imaging (3-DUS) in quantification of abdominal aortic aneu-
rysm (AAA) was evaluated. B-mode and 3-DUS images of AAAs were acquired for 42 patients. AAAs were
segmented. A 3-D-based maximum diameter (Max3-D) and partial volume (Vol30) were defined and quantified.
Comparisons between 2-D (Max2-D) and 3-D diameters and between orthogonal acquisitions were performed.
Intra- and inter-observer reproducibility was evaluated. Intra- and inter-observer coefficients of repeatability
(CRs) were less than 5.18 mm for Max3-D. Intra-observer and inter-observer CRs were respectively less than
6.16 and 8.71 mL for Vol30. The mean of normalized errors of Vol30 was around 7%. Correlation between
Max2-D and Max3-D was 0.988 (p , 0.0001). Max3-D and Vol30 were not influenced by a probe rotation of
90. Use of 3-DUS to quantify AAA is a new approach in clinical practice. The present study proposed and eval-
uated dedicated parameters. Their reproducibility makes the technique clinically reliable. (E-mail: along@
chu-reims.fr or anne.long@wanadoo.fr)  2013 World Federation for Ultrasound in Medicine & Biology.
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Abdominal aortic aneurysm (AAA) is a permanent and
local dilation of the aorta. The definition recommended
by the European Society for Vascular Surgery is an
abdominal aortic diameter of 3.0 cm or more in either
the antero-posterior or transverse plane (Moll et al.
2011). Principal risk factors are advanced age, male
gender, smoking and a family history of AAA. Prevalence
is about 5.5% in men older than 65 y (Lindholt and
Norman 2008). AAAs tend to expand with time, gener-
ally without symptoms, with a mean annual growth rate
ranging from 1.8 mm for AAAs 30–34 mm in diameter
to 5.02 mm for AAAs 45–49 mm in diameter (Powellddress correspondence to: Anne Long, Vascular Medicine,
Hospitalier Universitaire de Reims, Ho^pital Robert Debre, Rue
neral Koenig, 51092 Reims Cedex, France. E-mail: along@
ms.fr or anne.long@wanadoo.fr
onflicts of Interest: L.R. and R.A. are employees of Philips
care. A.L. reports receiving reimbursement of travel expenses
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1325et al. 2011b). The main risk is AAA rupture, which is
associated with an overall mortality around 80%–90%
(Moll et al. 2011). The rupture rate ranges from 0 to
1.61 ruptures per 100 person-year (Powell et al. 2011a).
Risk of rupture increases with maximum diameter and
expansion rate (Moll et al. 2011). Therefore, small
AAAs require regular monitoring of maximum diameter,
and preventive open surgery or endovascular repair
(EVAR) is proposed when an AAA reaches a maximum
diameter of 55 mm (50 mm in women), grows rapidly
(.1 cm/y) or becomes symptomatic (Moll et al. 2011).
Screening programs have been shown to decrease
AAA-related mortality (Lindholt and Norman 2008),
and national screening programs have been implemented
in the United States and some European countries.
Maximum diameter is thus an essential parameter for
diagnosis, follow-up before treatment, indication for
repair and follow-up after EVAR.
The imaging technique most commonly to measure
AAA diameter is 2-D ultrasound (2-D US), closely fol-
lowed by computed tomography (CT) and, more rarely,
Fig. 1. Schematic comparative view of the volumes acquired
with computed tomography (full cube) and 3-D ultrasound
(gray pyramidal volume). Landmarks corresponding to the
lowest renal artery ostium (LRO) and the aortic bifurcation
(AB) are included in the computed tomography field of view,
but not necessarily in the ultrasound field of view.
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technique for screening and monitoring the growth of
small AAAs, and has also been advocated for follow-up
after EVAR. CT is performed mainly when AAA repair
is being considered and remains the technique of refer-
ence for follow-up after EVAR. MRI is reserved for
patients with contraindications to CTand is not discussed
further in this article.
Because AAA is a 3-D (3-D) disease, the clinical
interest in AAA volume measurement lies in enabling
better prediction of the evolution of small AAAs and of
AAAs post-EVAR. AAA volume estimation has previ-
ously been reported with CT acquisitions combined
with post-processing (Bargellini et al. 2005; Fillinger
2006; Kauffmann et al. 2011; Kauffmann et al 2012;
Kritpracha et al. 2004; Lee et al. 2003; Parr et al. 2011;
Prinssen et al. 2003; Renapurkar et al. 2012; Wever
et al. 2000a). Nevertheless, this technique is not routinely
used in clinical practice. Compared with US, CT presents
drawbacks such as exposure to radiation, injection of
iodine contrast medium and higher costs.
Progress in US probe technology has led to the
development of new means of acquiring AAA volumes.
Three-dimensional imaging of AAAs with US has previ-
ously been reported in a few studies (Abbas et al. 2012;
Causey et al. 2013; Leotta et al. 2001; Nyhsen and
Elliott 2007; Rouet et al. 2010; Vidakovic et al. 2006,
2007). Most of the authors used volumetric acquisitions
to determine aortic diameter, and only Causey et al.
(2013) quantified AAA volume.
We propose here a novel approach to extract more
information from 3-D US acquisitions obtained with
a volumetric probe, by combining the recorded volume
with a dedicated post-processing software that makes it
possible to extract the surface of the AAA and its
centerline.
The first novelty of this study is to show that it is
possible to automatically extract the maximum diameter
of the AAA in any direction, perpendicular to the center-
line, from the 3-D US AAA segmentation. Our proposed
approach, namely, extracting the maximum diameter
from 3-D ultrasound, is wholly oriented toward im-
proving patient care. In this article, we present the tech-
nical validation of this approach. The clinical interest
would be to provide a unified definition of the maximum
AAA diameter. As recently underlined (Long et al.
2012), the lack of standardization for AAA diameter
measurement affects the reproducibility of techniques,
hinders comparisons between US and CTand, ultimately,
affects patient care. Improving the quality of measure-
ments is aimed primarily at improving patient care over
the successive stages of the disease, namely, screening,
decision for intervention and follow-up after EVAR
procedures.The second novelty is that we propose an original
volumetric parameter to assess AAA volume. Using CT
acquisitions, the volume is measured between two
anatomic landmarks (the ostium of the lower renal artery
and the aortic bifurcation). In the case of large and
extended AAAs, a 3-D US acquisition performed with
3-D mechanical or matrix array US probes will generally
not contain these landmarks because of the limited field
of view (Fig. 1). We proposed to solve this issue by
defining a volumetric parameter called partial volume,
which may be measured in the absence of standard visible
landmarks (Fig. 2).
The aim of the study was to validate this novel
approach using two steps. First, the reproducibility of
the 3-D-based maximum diameter and the partial volume
were evaluated. Secondly, the 3-D-based maximum
diameter was compared with the standard diameter
measured on 2-D US acquisitions. Because the small
AAA included in this study did not present any indica-
tions for CT scans, none were performed, and thus,
volume comparisons between 3-D US and CT could not
be performed.
Fig. 2. Schematic partial volume representation. A cross
section (Cs) is the intersection between theAAAwall and a plane
(in gray) perpendicular to the centerline (green line). The partial
volume is centered at the cross section containing the maximum
diameter (Maximum Diameter Cs) and is limited by the cranial
and caudal cross sections (Cranial Cs and Caudal Cs).
Table 1. Baseline characteristics of the study population
Clinical parameter Population (n 5 42)
Sex (male/female) 38/4
Age, years (mean 6 SD [range]) 69.4 6 8.4 [51–89]
Risk factors, n (%)
Smokers (past or current) 39 (92.9)
Dyslipidemia 20 (47.6)
Diabetes mellitus 8 (19.0)
Hypertension 19 (45.2)
Body mass index, kg/m2 (mean 6 SD [range]) 27.9 6 3.5 [18–37]
,30, n (%) 31 (73.8)
$30, n (%) 11 (26.2)
Aortic aneurysm depth from US probe, mm
(mean 6 SD [range])
36.8 6 19.9 [11–98]
Aortic aneurysm, n (%)
Native 21 (50.0)
Post-endovascular aneurysm repair 21 (50.0)
Population (n 5 21)
Endoprothesis, n (%)
Zenith (Cook, Bloomington, IN, USA) 13 (61.9)
Talent (Medtronic, Santa Rosa, CA, USA) 2 (9.5)
Endurant (Medtronic, Santa Rosa, CA, USA) 4 (19.0)
Not available 2 (9.5)
Time since stent implantation, n (%)
,1 month 8 (38.1)
$1 month 13 (61.9)
Among $1 month, mean 6 SD [range]
(months)
21.4; 16.25 [1.5–56]
EVAR 5 endovascular aneurysm repair; SD 5 standard deviation;
US 5 ultrasound.
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Patients
Seven 1-day-long US acquisition sessions were con-
ducted in the Vascular Medicine Department of the
University Hospital of Reims (two sessions) and in the
Vascular Surgery Department of the University Hospital
of Creteil (five sessions). During each session, all patients
presenting to the outpatient clinic of the hospital for AAA
follow-up (native or post-EVAR) or hospitalized for
EVAR were eligible for inclusion. Oral informed consent
was obtained before 2-D and 3-D US acquisitions. These
acquisitions were performed in addition to the clinical
routine examination. Patients’ sociodemographic and
clinical characteristics were prospectively recorded.
The study was approved by the institutional review board
of Reims University Hospital.
Forty-three consecutive patients were included be-
tween May 2009 and January 2011. One patient with
a post-EVAR aneurysm had aneurysmal parietal calcifi-
cations and gases, precluding sufficient identification of
the posterior aneurysm wall. This patient was thus
excluded from the study. The characteristics of the 42
patients included in the study are reported in Table 1.Ultrasound acquisitions
Patients were in the supine position. Acquisitions
were successively performed with a C5–1 2-D abdominal
convex probe and a V6–2 3-D mechanical probe (Philips
Healthcare, Bothell, WA, USA), both connected to an
IU22 ultrasound system (Philips Healthcare). All acquisi-
tions were performed by the same senior vascular
specialist experienced in vascular ultrasound (A.L.). All
2-D and 3-D data sets were anonymized, stored in theultrasound system and transferred to a dedicated PC con-
taining the research software for off-line analysis.2-D acquisitions with the C5–1 abdominal convex probe
First, longitudinal screening of the entire abdominal
aorta was performed perpendicular to the longitudinal
aortic axis. For tortuous AAAs, the probe was angled, if
necessary, to obtain a circular section of the aorta. The
axial section containing the maximum diameter was visu-
ally selected, and the screen was frozen. The maximum
external antero-posterior (AP) and transverse diameters
were measured (Fig. 3a). The distance between the probe
and the anterior wall of the aneurysm was measured and
taken to reflect aneurysm depth. Then, a longitudinal
view of the AAA was acquired, with the probe aligned
with the main axis of the aorta. Again, the probe was
angled, if necessary, for tortuous AAAs. The longitudinal
section containing the maximum diameter was visually
selected and the screen was frozen. The maximum
external AP diameter was measured perpendicular to
the longitudinal aortic axis (Fig. 3b).
All 2-D acquisitions took less than 5 min.3-D acquisitions with the V6–2 3-D mechanical probe
The probe was positioned perpendicular to the AAA
axis at the level of the segment visually estimated to have
Fig. 3. Two-dimensional ultrasound images of the aortic abdom-
inal aneurysm. (a) Axial view perpendicular to the centerline. The
external maximum antero-posterior diameter is 47 mm, and the
transverse diameter is 50.5 mm. (b) Longitudinal view along the
aortic axis. The maximum external antero-posterior diameter
perpendicular to the centerline is 50mm.TheMax2-D is 50.5mm.
1328 Ultrasound in Medicine and Biology Volume 39, Number 8, 2013the maximum diameter. The image obtained was the axial
volume acquisition of the AAA. The probe was then
rotated 90 to be aligned with the longitudinal axis of
the AAA. This acquisition was the longitudinal volume
acquisition of the AAA (Rouet et al. 2010).
After each 3-D acquisition (axial or longitudinal)
was performed, the loop was stored and reviewed on
the echography machine. If the quality of the acquisition
was considered to be adequate (i.e., no bowel gas present,
lateral walls of the AAA in the acquired volume), then no
further acquisition was performed. Depending on the
results, a range of one to four acquisitions were per-
formed in each direction. The best acquisition was used
for segmentation. Three-dimensional acquisitions took
approximately 15 min.
Principle underlying the 3-D quantification research
software
Analysis of a 3-D acquisition with the research soft-
ware is divided into three main steps. The first stepconsists of semi-automatic delineation of the AAAwall,
directly in three dimensions. The result is a surface, noted
‘S’, corresponding to the AAA wall, allowing volume
visualization of the AAA (Fig. 4a). The second step is
the interactive selection of AAA proximal and distal
extremities, each located in the center of the lumen.
These extremities are those identified at the origin and
at the end of the visible AAA in the acquired volume
with the 3-D probe; they are not the anatomic landmarks
usually used, namely, those at the level of the lower renal
artery origin and the aortic bifurcation. These extremities
are used to compute the AAA centerline, which will be
used as a spatial aortic reference for further quantification
(Fig. 4b). The centerline corresponds to the centerline of
the AAA walls and not to the centerline of the AAA
lumen. The length of the centerline is noted as L, and
the curvilinear abscissa of a point on this centerline is rep-
resented by s. By convention, s 5 0 at the proximal
extremity and s5 L at its distal extremity. For each posi-
tion of s, a planar cross section normal to the centerline is
uniquely defined. The intersection of the surface (S) with
the planar cross section provides a 2-D contour, Cs, of the
aneurysm (Fig. 4c). (3) Lastly, the set of contours {Cs} is
automatically analyzed to provide diameter and volume
parameters (Fig. 4d, e).
Parameters
From all 2-D acquisitions, the maximum diameter
(Max2-D) was defined as the maximum of three measure-
ments: (i) AP diameter from axial acquisition, (ii) trans-
verse diameter from axial acquisition and (iii) AP
diameter from longitudinal acquisition.
From each 3-D acquisition, a diameter (Max3-D)
and a partial volume (Vol30) were defined as follows:
For each contourCs, an ellipsewas fitted onto the contour,
and its major axis (noted major[s]) was selected. Then,
the 3-D-based diameter was defined as the maximum of
all the major(s) and denoted as Max3-D. The 3-D-based
diameter was measured on axial acquisitions
(Max3-D_Axial) and on longitudinal acquisitions
(Max3-D_Long). A partial AAA volume (Vol30) was
defined as the volume of the AAA around the curvilinear
abscissa of Max3-D (denoted sMax3-D), and measured
over a 30-mm segment of the centerline (Fig. 2). Ideally,
Vol30 was centered on sMax3-D, meaning that the limits
were the cross sections located 15 mm above (cranial Cs)
and 15 mm below (caudal Cs) sMax3-D. When sMax3-D
was located less than 15 mm from one extremity, Vol30
included the 30 mm at the corresponding extremity and
was thus asymmetric with respect to sMax3-D. Vol30
was measured on axial acquisitions (Vol30_Axial) and
on longitudinal acquisitions (Vol30_Long).
Diameters are expressed in millimetres, and
volumes, in cubic millimeters (1 mm3 5 0.001 mL).
Fig. 4. Three-dimensional ultrasound images of the corresponding aneurysm after axial acquisition. (a) The first step is
AAA wall segmentation allowing volume visualization of the AAA. (b) Then the centerline is automatically extracted
between the proximal (red) extremity and the distal (blue) extremity. (c) After wall segmentation, the research software
provides the cross sections perpendicular to the centerline. The color of the cross-section contours is related to the diam-
eter value, from green (,20mm) to red ($50mm). The cross section containingMax3-D is automatically detected (blue).
(d) The interface provides the cross section containing Max3-D_Axial (green line). Max3-D is 48.12 mm. (e) Partial
volume Vol30_Axial (48.1 mL).
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The 2-D measures were provided by only one reader
(A.L.) at the time of acquisition. Three-dimensional axial
and longitudinal acquisitions were analyzed in a double-
blind fashion by two independent observers (A.L. and
L.R.), who provided readings R1 and R3, respectively.
A.L. performed a second reading at an interval of at least
30 d (R2). All parameters resulting from axial and longi-
tudinal acquisitions and from the readings by A.L. and
L.R. are summarized in Table 2.
Statistical analysis
Reproducibility. Intra- and inter-observer reproduc-
ibility was studied using the intra-class correlation coef-
ficient (ICC) and the Bland and Altman (1986) method
for Max3-D and Vol30, in the entire population and in
subgroups of patients with and without endoprostheses.
The Bland and Altman method provides the mean value
of the paired differences, the coefficient of repeatability
equal to 1.96 3 standard deviation of the differences
(SD) and the limits of agreement (LOA) equal to
mean 6 1.96 SD. When applied to diameter analysis,
clinical thresholds were 5 mm for the coefficient of
repeatability and [–5; 15] mm for the LOA. Diameter
reproducibility was also analyzed using the concept of
‘‘clinically acceptable difference’’ introduced by
Jaakkola et al. (1996), denoting differences less than
5 mm. For each pair of Vol30 values between R1 and
R2 measurements (intra-observer) and between R1 and
R3 measurements (inter-observer), the difference was
also expressed as a percentage of the first measurement,
and the mean 6 SD (%) normalized absolute error was
calculated. To study the influence of body mass index
(BMI) and depth of the AAA on the error of the measure
for Max_3-D and Vol30, Pearson’s correlation coefficient
was calculated between error of measure and BMI and
between error of measure and depth of the AAA.Table 2. Definition of 2-D and 3-D parameters obta
Acquisition
dimension
Parameter
(type, unit) Definition
2-D Max2-D
(diameter, mm)
Maximum value between:
Antero-posterior diameter in axial plane
Transverse diameters in axial plane
Antero-posterior diameter in longitudinal
plane
3-D Max3D
(diameter, mm)
Maximum diameter automatically extracted
from the cross section perpendicular to th
aneurysm centerline, corresponding to th
largest ellipse fitting
3-D Vol30
(volume, mm3)
Aneurysm partial volume measured along
30-mm length of the centerline centered
around the Max3-D
NA 5 not applicable.Comparisons between 2-D and 3-D diameters. Pear-
son’s correlation coefficient was calculated between
Max2-D and Max3-D extracted from both axial and
longitudinal acquisitions. Only the first reading (R1)
was used for these analyses.
Comparisonsbetweenorthogonalacquisitions.Com-
parisons were performed for diameters and volumes. Only
the first reading (R1) was used for these analyses. Pear-
son’s correlation coefficient was calculated between axial
acquisitions and longitudinal acquisitions forMax3-D and
Vol30 values (Max3-D_Axial_R1, Vol30_Axial_R1 and
Max3-D_Long_R1, Vol30_Long_R1).
A p-value of 0.05 was considered statistically signif-
icant. All analyses were performed using SASVersion 9.0
(SAS, Cary, NC, USA).RESULTS
2-D and 3-D parameters
The 2-D and 3-D parameters are summarized in
Table 3. The total time necessary for AAA segmentation
and 3-D parameter extraction with the proposed semi-
automatic research software can be estimated as 20 min
for each 3-D acquisition.
Max3-D diameter reproducibility. The results of the
reproducibility analysis are reported in Tables 4 and 5. In
Figure 5a is the Bland and Altman graph of intra- and
inter-observer reproducibility for Max3-D.
Intra-observer reproducibility. The ICCs for Max3-
D_Axial and Max3-D_Long were respectively 0.993 and
0.992 for the overall population. The presence or absence
of an endoprosthesis did not influence these results. Intra-
observer reproducibility values for Max3-D_Axial and
Max3-D_Long were not statistically influenced by BMI
or depth of the aneurysm.ined from axial and longitudinal acquisitions
Plane of acquisitions A.L. readings (R1, R2) L.R. reading (R3)
Axial
Axial NA NA
Longitudinal
e
e
Axial Max3-D_Axial_R1 Max3-D_Axial_R3
Axial Max3-D_Axial_R2
Longitudinal Max3-D_Long_R1 Max3-D_Long_R3
Longitudinal Max3-D_Long_R2
Axial Vol30_Axial_R1 Vol30_Axial_R3
Axial Vol30_Axial_R2
Longitudinal Vol30_Long_R1 Vol30_Long_R3
Longitudinal Vol30_Long_R2
Table 3. AAA 2D and 3D parameters: maximum diameter and partial volume mean values
Parameter Overall (n 5 42) Native AAA (n 5 21) Post-EVAR AAA (n 5 21)
Max2-D (mm) 48 6 16* 40 6 11 56 6 16
Length of AAA segmentation (mm)
Axial acquisition 69 6 17 [32–106]y 66 6 16 [32–93] 72 6 17 [47–106]
Longitudinal acquisition 76 6 19 [37–125] 78 6 18 [37–109] 78 6 19 [52–125]
Max3-D_Axial (mm) 49 6 16.5 40 6 12 58.5 6 15.5
Max3-D_Long (mm) 49.5 6 16.5 40.5 6 12 58.5 6 15.5
Vol3-D_Axial (3103 mm3) 49 6 37.5 31 6 21 66 6 42
Vol3-D_Long (3103 mm3) 50 6 38 33 6 23 67 6 43
AAA 5 aortic abdominal aneurysm; EVAR 5 endovascular aneurysm repair.
* Mean 6 standard deviation.
y Ranges given in square brackets.
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for Max3-D_Axial and Max3-D_Long, for the overall
population and for the two subgroups (with and without
endoprotheses). All limits of agreement for Max3-
D_Axial were within the [–5; 5] mm limits. For Max3-
D_Long, the largest interval was [–5.81; 3.07] mm for
native AAAs.
According to the clinically acceptable difference,
when Max3-D_Axial was measured, all differences
were less than 5 mm. For Max3-D_Long, only one differ-
ence among 42 (2%) exceeded 5 mm (5.08 mm).
Inter-observer reproducibility. The ICCs for Max3-
D_Axial and Max3-D_Long were respectively 0.988 and
0.989. The presence or absence of an endoprosthesis did
not influence these results. Inter-observer reproducibility
for Max3-D was not statistically influenced by BMI or
depth of the aneurysm.
The coefficient of repeatability was less than 5mm in
five of six comparisons. It was 5.18 mm when Max3-
D_Long was measured in post-EVAR AAAs. Two of the
three limits of agreement for Max3-D_Long were within
the [–5; 5 mm] limits. For Max3-D_Axial, the largest
interval was [–6.06; 3.83] mm in post-EVAR AAAs.Table 4. Intra-observer (R1 vs. R2) and inter-observer (R1 vs. R3
intraclass coe
Variable Overall (n 5 42)
Intra-observer
Max3-D_Axial 0.993 [0.988, 0.996]*
Max3-D_Long 0.992 [0.986, 0.995]
Vol30_Axial 0.996 [0.993, 0.997]
Vol30_Long 0.996 [0.994, 0.998]
Inter-observer
Max3-D_Axial 0.988 [0.981, 0.993]
Max3-D_Long 0.989 [0.982, 0.993]
Vol30_Axial 0.994 [0.991, 0.997]
Vol30_Long 0.993 [0.988, 0.996]
AAA 5 aortic abdominal aneurysm; EVAR 5 endovascular aneurysm repa
* 95% confidence interval given in square brackets.According to the clinically acceptable difference,
when Max3-D_Long was measured, all differences
were less than 5 mm. For Max3-D_Axial, only one differ-
ence among 42 (2%) exceeded 5 mm (5.22 mm).Volume reproducibility
The results are reported in Tables 4 to 6. In Figure 5b
is the Bland and Altman graph of intra- and inter-observer
reproducibility for Vol30.
Intra-observer reproducibility. The ICCs for
Vol30_Axial and Vol30_Long were both 0.996. The pres-
ence or absence of an endoprosthesis did not influence
these results. Intra-observer reproducibility for Vol30
was not statistically influenced by BMI or depth of the
aneurysm.
The coefficient of repeatability for Vol30_Axial was
6.68 mL, ranging from 4.79 mL for native aneurysms to
8.39 mL after EVAR. The coefficient of repeatability
for Vol30_Long was 6.16 mL, ranging from 5.44 mL
for native aneurysms to 6.98 mL after EVAR.
Inter-observer reproducibility. The ICCs for
Vol30_Axial and Vol30_Long were respectively 0.994) reproducibility for Max3-D diameter and volume with the
fficient
Population
Native AAA (n 5 21) Post-EVAR AAA (n 5 21)
0.986 [0.977, 0.992] 0.992 [0.987, 0.995]
0.982 [0.970, 0.989] 0.993 [0.987, 0.996]
0.993 [0.989, 0.996] 0.995 [0.991, 0.997]
0.993 [0.988, 0.996] 0.997 [0.994, 0.998]
0.976 [0.961, 0.986] 0.987 [0.978, 0.992]
0.984 [0.973, 0.990] 0.986 [0.976, 0.992]
0.988 [0.981, 0.993] 0.994 [0.990, 0.997]
0.992 [0.986, 0.995] 0.991 [0.985, 0.995]
ir.
Table 5. Intra-observer (R1 vs. R2) and inter-observer (R1vs. R3) reproducibility with the Bland and Altman method*
Population
Overall (n 5 42) Native AAA (n 5 21) Post-EVAR AAA (n 5 21)
Diameter (mm)
Intra-observer
Max3-D_Axial 21.14 (3.76) [24.90; 2.63] 21.09 (3.77) [24.85; 2.68] 21.19 (3.85) [25.05; 2.66]
Max3-D_Long 21.52 (4.09) [25.61; 2.58] 21.37 (4.44) [25.81; 3.07] 21.68 (3.77) [25.44; 2.09]
Inter-observer
Max3-D_Axial 21.14 (4.83) [25.97; 3.69] 21.16 (4.84) [26.00; 3.68] 21.11 (4.94) [26.06; 3.83]
Max3-D_Long 20.25 (4.66) [24.92; 4.41] 20.46 (4.23) [24.69; 3.76] 20.02 (5.18) [25.20; 5.15]
Volume (103 mm3)
Intra-observer
Vol30_Axial 21.62 (6.68) [28.31; 5.06] 21.35 (4.79) [26.14; 3.45] 21.93 (8.39) [210.31; 6.46]
Vol30_Long 21.69 (6.16) [27.85; 4.46] 21.48 (5.44) [26.92; 3.96] 21.93 (6.98) [28.90; 5.05]
Inter-observer
Vol30_Axial 20.56 (7.54) [28.10; 6.98] 20.45 (6.18) [26.63; 5.73] 20.68 (8.97) [29.65; 8.29]
Vol30_Long 1.47 (8.71) [27.24; 10.18] 0.57 (5.77) [25.20; 6.34] 2.46 (10.92) [28.46; 13.38]
AAA 5 aortic abdominal aneurysm; EVAR 5 endovascular aneurysm repair; SD 5 standard deviation of the differences.
* Mean of differences, coefficient of repeatability (1.96 3 SD) and limits of clinical acceptance [mean 2 1.96 SD; mean 1 1.96 SD] are reported.
1332 Ultrasound in Medicine and Biology Volume 39, Number 8, 2013and 0.993. The presence or absence of an endoprosthesis
did not influence these results.
Inter-observer reproducibility for Vol30 was not
statistically influenced by BMI. Only the inter-observer
reproducibility for Vol30_Axial was statistically influ-
enced by the depth of the AAA (correlation coefficient 5
20.33, p5 0.03). Nevertheless, the percentage of variance
of the difference between the two measurements related to
the depth of the AAAwas very low (r2 5 0.11).
The coefficient of repeatability for Vol30_Axial was
7.54 mL, ranging from 6.18 mL in native aneurysms to
8.97 mL after EVAR. The coefficient of repeatability
for Vol30_Long was 8.71 mL, ranging from 5.77 mL in
native aneurysms to 10.92 mL after EVAR.
The means of the normalized absolute errors of the
Vol30 values between R1 and R2 measurements and
between R1 and R3 measurements are reported in
Table 6. The error was around 7% in the entire population.Comparisons between 2-D and 3-D diameters
Correlation coefficients between Max2-D and
Max3-D from the two acquisition orientations (Max2-D
and Max3-D_Axial, Max2-D and Max3-D_Long) were
respectively 0.987 and 0.988 (p , 0.0001 for each).Comparisons between orthogonal acquisitions
Correlation coefficients between Max3-D_Axial and
Max3-D_Long and between Vol30_Axial and Vol30_
Long were respectively 0.993 and 0.997 (p , 0.0001 for
each).DISCUSSION
Until recently, AAA volume was imaged almost
exclusively using CT. Previous reports have addressedthe interest in using 3-D US to study AAAs, in different
clinical situations (Abbas et al. 2012; Causey et al.
2013; Leotta et al. 2001; Nyhsen and Elliott 2007;
Rouet et al. 2010; Vidakovic et al. 2006, 2007). For
example, the accuracy of aortic volume measurement
with a new ultrasound volume scanner based on bladder
scan technology (Vidakovic et al. 2006, 2007) or the
dedicated AortaScan device (Abbas et al. 2012) has
been evaluated for the detection of AAAs. Vidakovic
et al. (2006, 2007) concluded that with a cut-off value
of 56.5 mL, the ultrasound volume scanner detected
AAAs with a sensitivity of 90%, a specificity of 90%,
a positive predictive value of 97% and a negative predic-
tive value of 71%. The authors recommended that in
patients with measured volumes larger than 50 mL, diam-
eters be measured with standard 2-D US. Conversely,
Abbas et al. (2012) found that compared with CT, the
sensitivity (81%) and specificity (72%) of the AortaScan
device in detecting AAA was insufficient. Nyhsen and
Elliott (2007) used an onboard multiplanar presentation
to measure the maximum antero-posterior and transverse
diameters selected by scrolling through the appropriate
planes. The authors underlined the accuracy of AAA
diameter measurements on 3-D US data sets compared
with corresponding 2-D US diameter measurements,
but did not specifically quantify AAAvolume. Similarly,
using freehand scanning with a magnetic tracking system,
manual drawing of the aortic walls in 2-D images and
dedicated software, Leotta et al. (2001) published volume
reconstructions of a normal aorta, an AAA and a post-
EVARAAA, allowing aortic sizing but no volume assess-
ment. However, no further studywas performed in a larger
population. Using a similar system, Causey et al. (2013)
compared 3-D US parameters (maximum diameter,
cross-sectional area, volume) with those obtained by
Fig. 5. Bland and Altman graphs. (a) Intra- and inter-observer reproducibility for Max3-D. (b) Intra- and inter-observer
reproducibility for Vol30. The red line denotes the mean, and the green lines denote the limits of agreement.
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Table 6. Normalized absolute error of Vol30 values
in percentage between measurements R1 and R2
(intra-observer) and between measurements
R1 and R3 (inter-observer)*
Variable
Population
Overall
(n 5 42)
Native AAA
(n 5 21)
Post-EVAR
AAA (n 5 21)
Intra-observer (R1 vs. R2)
Vol30_Axial 6.79 6 5 6.74 6 5.19 6.86 6 5.06
Vol30_Long 7.51 6 6.65 9.01 6 7.07 5.89 6 6.11
Inter-observer (R1 vs. R3)
Vol30_Axial 7.32 6 6.56 7.97 6 6.6 6.79 6 6.76
Vol30_Long 7.07 6 5.54 8.55 6 7.06 5.78 6 2.86
AAA 5 aortic abdominal aneurysm; EVAR 5 endovascular aneu-
rysm repair.
* Means 6 standard deviations (%) are reported.
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a protected environment and are not widespread. In
addition, the above studies did not analyze the intrinsic
reproducibility of parameters extracted from 3-D US
acquisitions, even though this should be the first step in
the evaluation of a new imaging tool.
To the best of our knowledge, this is the first study to
evaluate AAA volume imaging with a commercially
available 3-D US probe, in clinical practice, in 42
patients. From these acquisitions, it was possible to
extract a 3-D-based maximum diameter perpendicular
to the centerline and to define a pertinent partial volume.
Abdominal aortic aneurysm maximum diameter
measured with 2-D US requires the selection of a plane
of imaging according to a spatial reference (anatomic
or aortic), selection of the axis of measurement and the
position of the calipers and choice of the maximum diam-
eter when different measurements are performed (Long
et al. 2012). Using the aortic reference, as recommended
(Moll et al. 2011), the probe must be positioned perpen-
dicular to the centerline to obtain the most circular
section of the AAA in the axial plane, or must be aligned
to the longitudinal axis of the aorta in the longitudinal
plane. In this way, the so-called maximum antero-
posterior diameter is measured. This protocol has three
main drawbacks: (i) the planes of imaging and axis of
measurement are subjectively selected by visual analysis
of the 2-D images obtained during the acquisitions; (ii)
when AAAs are sinuous or asymmetric, especially after
EVAR, the antero-posterior diameter may not reflect the
maximum diameter (Holdsworth and Shearer 2004);
and (iii) a choice is required when diameter measure-
ments are performed in axial and longitudinal planes.
The Max3-D defined in this study is directly ex-
tracted from the real 3-D geometry of the AAA. It is
automatically measured as recommended in a plane
perpendicular to the centerline, but the axis of measure-ment is no longer antero-posterior or transverse, but,
rather, is determined as the maximum diameter in any
direction, and only one numerical value is provided.
This technique removes the subjectivity of the first two
steps described above, and eliminates the need to choose
a maximum diameter when several measures are per-
formed. The wall position of the diameter is determined
by segmentation of the AAAwall. It is possible to adopt
one of the published combinations (inner-inner, outer-
outer, middle-wall). We selected the external wall, as
this is the standard technique used for 2-D measurement
in our institutions.
A similar approach for semi-automatic extraction of
the maximum diameter from AAA volume has recently
been published in the context of CT (Kauffmann et al.
2011 and 2012).
The intra- and inter-observer reproducibility anal-
yses for Max3-D indicated that the coefficients of repro-
ducibility were less than 5 mm in almost all comparisons.
As the results obtained did not show the superiority of any
one orientation of acquisition over another, it is not
possible to recommend one particular orientation for
the acquisition of images.
The close correlation betweenMax2-D andMax3-D,
regardless of the acquisition orientation, confirms that
the measurement from 3-D acquisitions does not intro-
duce errors and that the 3-D technique is reliable.
Max3-D and Vol30 were not influenced by a 90 rotation
of the probe, underlining the robustness of the technique.
Volume assessment may offer a new approach to
evaluation of AAA size and follow-up in native AAAs
(Parr et al. 2011; Renapurkar et al. 2012). Most experi-
ence with volumetric CT imaging is related to follow-
up after stenting (Bargellini et al. 2005; Fillinger 2006;
Kritpracha et al. 2004; Lee et al. 2003; Prinssen et al.
2003; Wever et al. 2000a). Volume change was shown
to be more sensitive than maximum diameter for the diag-
nosis of AAA enlargement or shrinkage (Kritpracha et al.
2004; Prinssen et al. 2003) and for determination of
successful exclusion or detection of complications (Lee
et al. 2003). The lack of volume decrease was shown to
have higher predictive accuracy for endoleak than
maximum diameter modifications (Bargellini et al.
2005). Furthermore, volume analysis detected enlarge-
ment more frequently, at a smaller diameter and earlier
than diameter increase (Fillinger 2006).
This parameter therefore appears to be of consider-
able value. Such an approach requires 3-D acquisitions
combined with dedicated image processing. Heretofore,
algorithms for AAA 3-D imaging have been developed
mainly for spiral CT technology. Total volume quantifica-
tion of an infrarenal AAA requires anatomic landmarks,
classically the ostium of the lowest main renal artery
and the aortic bifurcation. However, the limited field of
AAAwith 3D ultrasound: Maximum diameter, partial volume measurement d A. LONG et al. 1335view of the 3-D US mechanical probe usually did not
allow imaging of the aortic segment between these
landmarks.
In axial acquisitions, the maximum theoretical
length of AAAs imaged by the V6–2 probe is around
128 mm, for a mean depth of 37 mm and a mean diameter
of 48 mm, corresponding to a mechanical sweep angle of
75. In longitudinal acquisitions, the maximum theoret-
ical length of AAAs is around 153 mm, corresponding
to a sector angle of 65. The resulting acquisitions could
provide either the entire AAA or a partial view centered
around the maximum diameter. We defined a partial
volume to compensate for the absence of visible anatomic
landmarks. In addition, the convexity of the AAA walls
creates a limit to US image quality at the extremities, as
the US beams are tangent to the walls at these positions.
In this initial study, including variable AAA sizes, the
length of AAA segmentation was 69 6 17 [32–106]
mm in axial acquisitions and 76 6 19 [37–125] mm in
longitudinal acquisitions. Therefore, a length of 30 mm
was selected for the partial volume calculation so that it
would be applicable to all acquisitions. Nevertheless,
the length selected for the partial volume may be fixed
by the user, and the reproducibility of the partial volume
with longer centerline lengths, including more of the
AAA volume, remains to be evaluated. Even though
partial volume may not fully reflect the extent of AAA
change, one may expect that a volumetric parameter for
AAA follow-up might improve assessment of AAA
modifications.
From the intra- and inter-observer reproducibility
studies applied to Vol30, a change of 11 mL was shown
to be clinically relevant for follow-up. This value was
close to the 10-mL volume difference between two CT
images proposed by Wever et al. (2000b). The results
were comparable in the axial and longitudinal acquisi-
tions for intra- and inter-observer reproducibility. The
error was less than 8% of the measured volume in the
overall population. This value is in line with the 10%
volume change considered as clinically significant by
Kritpracha et al. (2004). Nonetheless, these results should
be interpreted with caution, as they do not rely on iden-
tical definitions of volume.
The present study has some limitations. Only 42
patients were included, over quite a long period, mainly
because of the restricted availability of the 3-D US probe.
As the topic of the study was AAA 3-D maximum diam-
eter measurement and volume quantification, the pres-
ence or not of endoleaks in the case of post-EVAR
acquisitions was not reported. These had been previously
analyzed during the clinical routine examination.
Abdominal aortic aneurysm segmentation relies on
adequate image quality, which in turns depends on the
acquisition. Therefore, an initial acquisition of highquality performed by a trained operator is required.
Because the probe is mechanical, its resolution is higher
in the native planes than in the sweep direction. Differ-
ences in the results were thus expected, depending on
the orientation of acquisition, but were not actually
observed on statistical analysis. These findings preclude
the recommendation of any one orientation over the
others. Also, because of the probe characteristics, infor-
mation about the neck was not available in large AAAs.
Technical difficulties for AAA segmentation include
high BMI, depth of the AAA, parietal calcifications and
bowel gas. Our study found that BMI and depth of the
AAA did not influence results. Only one patient was
excluded because of parietal calcifications and bowel
gas precluding sufficient identification of the posterior
aneurysm wall. Bowel gas could be reduced by perform-
ing US acquisitions after a fasting period of 6 h. Thick
calcifications of the walls remain an unresolved technical
difficulty in US imaging.
Finally, the segmentation is basedona semi-automatic
method, resulting in an estimated time for analysis of about
20min for each 3-D acquisition and in user-dependent vari-
ations for the location of AAAwalls; further automation of
the segmentation may reduce both analysis time and vari-
ability in wall identification.CONCLUSIONS
The recent development of 3-D US probes makes it
possible in clinical practice to image AAAvolume, which
was heretofore evaluated mostly by CT. We found that
from the 3-D-US AAA volume, it was possible to extract
a 3-D-based maximum diameter perpendicular to the
aortic axis and to define a pertinent partial volume. The
Max3-D andVol30 defined in this studymay be calculated
from axial or longitudinal acquisitions. Reproducibility of
these 3-D parameters indicated that current 3-D US
imaging of AAAs is clinically reliable.
The clinical value of both Max3-D and partial
volume, compared with the maximum diameter routinely
measured with 2-D US, deserve to be evaluated in
prospective studies including both native and post-
EVAR AAAs. In addition, future comparisons with CT
will determine whether 3-D US might reduce CT indica-
tions, especially for follow-up after EVAR.
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